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The discoveries of a number of binary black hole mergers by LIGO and VIRGO has reinvig-
orated the interest that primordial black holes (PBHs) of tens of solar masses could contribute
non-negligibly to the dark matter energy density. Should even a small population of PBHs with
masses & O(M) exist, they could profoundly impact the properties of the intergalactic medium
and provide insight into novel processes at work in the early Universe. We demonstrate here that
observations of the 21cm transition in neutral hydrogen during the epochs of reionization and cos-
mic dawn will likely provide one of the most stringent tests of solar mass PBHs. In the context
of 21cm cosmology, PBHs give rise to three distinct observable effects: (i) the modification to the
primordial power spectrum (and thus also the halo mass function) induced by Poisson noise, (ii) a
uniform heating and ionization of the intergalactic medium via X-rays produced during accretion,
and (iii) a local modification to the temperature and density of the ambient medium surrounding
isolated PBHs. Using a four-parameter astrophysical model, we show that experiments like SKA
and HERA could potentially improve upon existing constraints derived using observations of the
cosmic microwave background by more than one order of magnitude.
I. INTRODUCTION
The canonical cosmological model assumes that dark matter is comprised of a cold gas of weakly interacting
particles. Despite its simplicity, this minimal scenario provides an excellent fit to both cosmic microwave background
(CMB) and large-scale structure measurements [1–4]. However, a precise understanding of the fundamental nature of
dark matter is missing and remains at the forefront in the current list of unsolved problems in modern physics.
Although dark matter is usually interpreted in terms of a new elementary particle, other alternatives exist. Black
holes (BHs) produced prior to big bang nucleosynthesis (BBN), i.e., primordial black holes (PBHs), represent such
an alternative — remarkably, this solution is as old as particle dark matter [5]. In particular, this scenario has
recently attracted much attention [6–12] in the context of the LIGO and VIRGO discoveries of several binary BH
mergers [13–17].
The idea that PBHs could be formed by strong accretion during the radiation-dominated epoch was first introduced
five decades ago [18]. It was later suggested that initial fluctuations in the early Universe could give rise to a large
number of gravitationally collapsed objects with masses above the Planck mass [19], that however, would not grow
substantially by accretion [20]. Very light PBHs would not survive until the present epoch, though; the prediction
that any BH should emit particles with a black body spectrum [21, 22] implies that PBHs with masses below 10−18M
(with M the Sun’s mass) would have evaporated on cosmological times scales [21–23]. While the evaporation of
such light PBHs would have interesting observational consequences [24–26], only heavier PBHs could constitute a non-
negligible fraction of the dark matter content of the Universe [5] (see, e.g., Refs [27–29] for recent reviews). Alternative
mechanisms for the formation of PBHs have also been proposed, such as the collapse of domain walls [30–32] or cosmic
strings [33–35], first-order phase transitions [36–43], or fragmentation of scalar condensates [44–46]. Today, the most
studied mechanism of PBH formation is gravitational collapse [47–51] of the fluctuations predicted in inflationary
scenarios [48, 49, 52–58].
Following the recent observations of BH mergers by the LIGO and VIRGO experiments [13–17], PBHs of several
solar masses or heavier have been extensively examined and constrained by a number of different means (see, e.g.,
Refs. [7, 25, 28, 29, 59–66] for compilations of constraints, also at other mass scales): gravitational lensing [67–70],
dynamical constraints [12, 63, 71–74], radio and X-rays measurements [75–78], and spectral and anisotropy distortions
of the CMB [79–88]. If energy is injected into the intergalactic medium (IGM) via the accretion of matter onto PBHs,
the ionization and thermal evolution of the Universe could be affected and thus, both the spectral shape [52, 53, 89, 90]
and the anisotropies of the CMB [60, 81–86, 91]. Namely, the work of Ref. [85] excludes PBH with masses & 2M as
the sole component of dark matter, although uncertainties associated with the accretion make the determination of
a robust upper limit difficult. Moreover, Poisson-noise fluctuations could become too large to be consistent with the
power spectrum on scales of the Lyman-α forest, setting an upper limit on PBH masses near a few times 104M [92],
which has been recently improved to MPBH . 60M [93].
The presence of PBHs could also change the process known as reionization, during which the first sources in
the Universe emitted ultraviolet photons that ionized the neutral hydrogen. Collectively, observations from the
CMB observations, Lyman-α emission in star-forming galaxies, and of the Gunn-Peterson optical depth from bright
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2quasars indicate that the Universe should be fully ionized by z ∼ 6. Nevertheless, only observations of the CMB are
currently sensitive to the early part of reionization, and to the epoch during which the first stars formed (referred
to as the cosmic dawn). The CMB, however, is only sensitive to a cumulative line-of-sight effect (observed via
modifications to the integrated optical depth), and thus cannot provide detailed information about the state of the
IGM during these epochs. The only proposed method for understanding the nature of the Universe on these time-scales
is 21cm cosmology, which attempts to observe the hyperfine transition between the singlet and triplet levels of neutral
hydrogen. To date, only one experiment working has claimed a putative signal; using a single dish radio telescope, the
EDGES (Experiment to Detect the Reionization Step) collaboration [94] claimed detection of a large absorption dip in
the globally averaged signal, appearing around z ∼ 17, but whose amplitude cannot be explained within the standard
ΛCDM scenario. Determining the validity of this signal, however, is notoriously challenging, as foregrounds at these
frequencies are expected to be at least ∼ 104 times larger than the signal of interest. Thus, the 21cm contribution can
only be discriminated by systematically removing spectrally smooth foreground components from the observation.
Next-generation radio interferometers such as HERA (Hydrogen Epoch of Reionization Array) [95] and SKA (Square
Kilometer Array) [96] will also attempt to observe these epochs. A major advantage of using an interferometer in
these observations is that one also has direct information on the scales over which foregrounds emanate, allowing for
a more robust removal of foregrounds and providing additional spatial information on the 21cm signal.
The field of 21cm cosmology should be considered particularly important for those in the field of particle physics,
as the wealth of available information might allow physicists to probe any new process which, e.g., modifies structure
formation, the energy in the IGM, star formation and evolution, and photon propagation. Studies have been per-
formed in the context of various dark matter candidates, for example, illustrating unprecedented sensitivity to a wide
array of dark matter candidates [97–117]. Existing works looking into the effects of PBHs in 21cm cosmology have
independently focused on understanding the effects arising from PBH accretion on the globally averaged signal [118],
Poisson-noise on the power spectrum [119, 120], and local modifications to the medium around PBHs on the globally
averaged signal and the angular power spectrum [121, 122]. In this work, we compare and contrast these three effects
in the context of & O(M) PBHs, illustrating that the only process relevant for MPBH . 103M is the heating and
ionization of the IGM arising from X-rays produced during accretion. Using the 21cm power spectrum, which offers a
far more robust and powerful probe the globally averaged signature, we illustrate the near-future sensitivity of both
HERA and SKA.
The structure of the paper is as follows. In Section II we review the basics of 21cm cosmology, in particular
focusing on the computation of the 21cm brightness temperature and power spectrum. In Section III we discuss the
impact that PBHs have on the observable 21cm signal; in particular we study global heating and ionization as a
consequence of accretion around PBHs (Section III.1), and how the process of accretion heats and ionizes the local
medium surrounding the PBH (Section III.2), and we also address how Poisson-noise induced in the power spectrum
by the discrete nature of PBHs modifies the signal arising in minihalos (Section III.3). We comment on the sensitivity
analysis in Section IV, and then present the results and conclude in Section V.
II. 21CM COSMOLOGY
Below, we present a brief overview of the fundamentals of 21cm cosmology. A more extensive overview can be
found, e.g., in Refs. [123–126].
The intensity of the redshifted 21cm line provides direct information about the fraction of neutral hydrogen residing
in excited and ground states. This is conventionally characterized by the so-called spin temperature TS , and is formally
defined as
n1
n0
= 3 e−T0/TS , (2.1)
where n0 and n1 are the number density of neutral hydrogen atoms in the ground (singlet) and excited (triplet)
states, kBT0 = hν0 is the energy of the 21cm photon, and the factor of 3 comes from the degeneracy of the triplet
excited state. The spin temperature of the 21cm line is controlled by three processes: (i) absorption of and stimulated
emission induced by a background radiation field, (ii) collisions of neutral hydrogen with hydrogen atoms, free protons,
or free electrons, and (iii) indirect excitations/de-excitations induced by scattering with ambient Lyman-α photons.
Consequently, the spin temperature can be expressed directly in terms of temperatures characterizing the efficiency
of each of these processes,
TS =
TR + yk Tk + yα Tα
1 + yk + yα
, (2.2)
3where TR, Tk, and Tα are the temperature of the background radiation, kinetic temperature of the gas, and the
temperature associated with the intensity of the Lyman-α emission (for all environments of interest, it is sufficient to
take Tα ' Tk), and yk and yα are their respective couplings.
The collisional coupling, yk, is given by
yk =
T0
A10 Tk
nH (xH CHH + (1− xH)CeH + (1− xH)CpH) , (2.3)
where A10 = 2.85 × 10−15s−1 is the Einstein coefficient of spontaneous emission rate, nH is the hydrogen comoving
number density, xH is the neutral fraction of hydrogen, and CHH, CeH and CpH are the de-excitation rates due
to collisions between a hydrogen atom and another hydrogen atom, an electron, or a proton, respectively. These
quantities are computed using the fitting formulas of Ref. [127].
The Lyman-α coupling, yα, can be written in terms of the Lyman-α flux Jα,
yα =
16pi2 e2 f12
27me cA10
T0
Tk
Jα , (2.4)
where e and me are the charge and mass of the electron, and f12 = 0.416 is the oscillator strength of the Lyman-α
transition.
Rather than working directly with observed intensity, it is conventional for radio astronomers to use the effective
brightness temperature, Tb(ν), which is proportional to the specific intensity (or spectral radiance) of a blackbody in
the Rayleigh-Jeans limit, ν  Tb(ν). The change in intensity relative to the background radiation field is thus given
by the differential brightness temperature:
δTb(ν) =
TS − TR
1 + z
(1− e−τν0 ) , (2.5)
where τν0 is the optical depth of the 21cm line. Throughout this work we will implicitly assume the background
radiation field to simply be the CMB, TR = TCMB. We note, however, that in the light of the abnormally deep
absorption trough observed by EDGES [94], several scenarios predicting an unexpected excess of radio background
have been explored [106, 128–135] (see, however, Ref. [136]).
III. THE EFFECTS OF PRIMORDIAL BLACK HOLES
The existence of a population of MPBH & M PBHs has the potential to modify the 21cm signal in a number of
different ways. In order to understand exactly how and where these effects would arise, let us consider for the moment
a single isolated PBH. Matter surrounding the PBH is accreted at some rate M˙PBH. The in-falling matter heats
and ionizes in a localized region surrounding the PBH. Some of the energy gained via accretion is radiated by the
newly formed plasma, primarily in the form X-rays produced by thermal synchrotron and bremsstrahlung emission,
and modified by comptonization. Additionally, energy resulting from the in-fall of matter can be viscously dissipated,
directly heating the accreting matter rather than radiating X-rays. This type of energy dissipation is at the heart of so-
called advection-dominated accretion flow (ADAF) (see, e.g., Ref. [137] for a review). It has recently been argued [85]
that accretion onto ∼ O(M) PBHs at high redshifts is likely to proceed via a thick inflated disk, best described
within the ADAF framework — we will thus follow Ref. [85] in adopting this formalism. Typically, ADAF accreting
models radiate extremely inefficiently (i.e., only a small fraction of the accreted energy is radiated and escapes into
the IGM), while the remainder is dissipated locally in the form of heat through viscous interactions of the plasma.
The relative efficiency with which X-rays are emitted in the IGM can be characterized by a parameter  (→ 1 being
the limit that the accretion medium radiates perfectly, and → 0 being the limit in which most of the accreted energy
goes into local heating via advection), which depends intimately on the geometry and strength of accretion. X-rays
that escape into the medium have a large mean free path and would deposit their energy approximately uniformly
on all scales, affecting both the temperature and ionization fraction of the IGM. On the other hand, the remainder of
the energy is deposited locally (and is eventually swallowed by the PBH), modifying the temperature and ionization
profile of the medium directly surrounding the PBH. Thus, accretion onto a single BH modifies the state of the IGM
both globally (Section III.1) and locally (Section III.2), effects which for the sake of simplicity we treat separately in
what follows.
In addition to the effects arising from accretion, the presence of a large population of PBHs can modify structure
formation. The discrete nature of massive PBHs implies that shot noise fluctuations in the PBH number density
are not necessarily negligible. These fluctuations manifest as isocurvature perturbations in the linear matter power
spectrum, leading to an enhancement in structure at small scales [92]. For viable populations of PBHs (i.e., those
4evading current constraints), the effect is only expected to be pronounced for halos below the star-forming limit —
these halos are typically referred to as minihalos. Within the context of ΛCDM, minihalos contribute minimally to
the 21cm signal [138] (the signal is expected to be at the level of O(1) mK in ΛCDM). However, it has been argued
that the enhancement in the number density of these halos by a population of PBHs can make their contribution
observable [119, 120]. We address this claim in Section III.3, and show that the contribution of minihalos is typically
suppressed when the global effects of accretion are self-consistently included in the calculation.
III.1. Global heating and ionization
Here we address the global impact of accretion by PBHs on the IGM, i.e., the effect that arises from radiation
that escapes the local vicinity of PBHs and deposits its energy approximately uniformly in the IGM. In what follows
we consider the simplifying assumption of a monochromatic mass function for PBHs, broadly used in the literature.
Note, however, that this is not necessarily a realistic assumption, since many mechanisms of PBH formation in the
early Universe would generically lead to extended mass distributions, which could bias the obtained constraints [28,
63, 64, 66].
The rate of energy injected into the medium per unit volume is given by [82, 85](
dE
dV dt
)
inj
= Lacc nPBH = Lacc
fPBH ρDM
MPBH
, (3.1)
where Lacc is the luminosity of radiation emitted from matter accreting onto a PBH of mass MPBH, nPBH is the
number density of PBHs of mass MPBH, ρDM is the density of dark matter, and fPBH is the fraction of dark matter
that is comprised of PBHs of mass MPBH. The accretion luminosity can be expressed in terms of the product of the
accretion rate M˙PBH and the radiative efficiency ,
Lacc =  M˙PBH . (3.2)
In general, both the accretion rate and the radiative efficiency are complicated unknown functions of both the PBH
properties and the evolution of the medium. However, various approximations have been developed that can be used
to estimate each of these functions.
We begin by addressing the radiative efficiency factor  in Eq. (3.2), which describes the fraction of energy radiated
away into the IGM. In principle, it depends on the accretion rate, accretion geometry, and the properties of the
medium. Here, we assume that the radiative cooling is inefficient and the dynamics of the accreting gas are controlled
by advective currents (ADAF) [137, 139–145]. It is worth noting that if the radiative cooling is efficient and forms a
thin accretion disk (rather than the thick disk or tori that may appear in the ADAF scenario), the radiative efficiency
could be orders of magnitude larger [146]. For the efficiency function, we adopt the fitting formula obtained in
Ref. [145],
 = 0
(
100 M˙PBH
M˙Edd
)a
, (3.3)
where M˙Edd = 10LEdd = 10× 4piGMPBHmp/σT ' 1.28× 1039(MPBH/M) ergs/s is the Eddington rate (and LEdd
is the Eddington luminosity), and the functional form and coefficients are indicated in Tab. I, assuming the viscous
parameter to be α = 0.1 and the parameter which dictates the fraction of dissipation that heats the electrons directly
to be δ = 0.1. Larger (smaller) values of δ are expected to increase (decrease) the radiative efficiency by a factor of a
few in the most extreme scenarios.
We now shift our attention to the accretion rate. Accretion onto a point mass moving through some homogeneous
medium was first studied by Hoyle and Lyttleton in the first half of the 20th century [147–150]. Nevertheless, this
early treatment only considered the gravitational effects (neglecting, for example, the thermodynamic pressure), and
was thus only useful as a first-step approximation within a particular limiting regime (far away from the point source
and with a reasonably large relative velocity). Bondi and Hoyle were later able to correct for the previously neglected
effect of pressure and calculated an exact solution to the problem of spherical accretion onto a stationary point mass
in a homogenous medium [151],
M˙Bondi−Hoyle = 4pi λ ρ∞
(GMPBH)
2
c3s,∞
, (3.4)
where ρ∞ and cs,∞ are the density and speed of sound far away from the point source, G is the gravitational constant,
and λ is an O(1) parameter quantifying non-gravitational effects [151], which also allows to treat non-spherical
5M˙PBH/M˙Edd 0 a
. 9.4× 10−5 0.12 0.59
9.4× 10−5 − 5× 10−3 0.026 0.27
5× 10−3 − 6.6× 10−3 0.50 4.53
TABLE I. Fit coefficients characterizing the radiative efficiency of ADAF accretion, described by Eq. (3.3), in terms of the net
accretion rate. From Ref. [145], for δ = 0.1 and for the viscous parameter α = 0.1.
accretion. Given that simulations suggest that radiative outflows reduce the amount of matter that ultimately
accretes in the inner region, potentially reducing the observed luminosity by a factor of O(100) [145], we account for
this by taking λ to be 0.01.
In order to address the problem of accretion onto a BH moving with respect to the ambient medium with relative
velocity vrel, Bondi suggested the substitution of cs,∞ by an effective velocity
√
c2s,∞ + v2rel [152]. The relative velocity
between PBHs and the ambient medium can be described by the relative velocity between dark matter and baryons.
Unfortunately, deriving the relative dark matter-baryon velocity at scales relevant for accretion is non-trivial [153, 154].
On linear scales, the velocity field is Gaussian and thus, the modulus of the three-velocity field follows a Maxwellian
distribution, with the square root of the variance approximated as [82]√
〈v2L〉 ' min
[
1,
1 + z
1000
]
× 30 km/s . (3.5)
The accretion luminosity is the result of averaging over the distribution of the relative velocities of PBHs with respect to
the ambient gas. The accretion rate is inversely proportional to
(
c2s,∞ + v
2
rel
)3/2
(after the substitution above) [60, 82]
and, for the usual (simplified) case considered in the literature, the individual PBH accretion luminosity is proportional
to the square of the accretion rate (i.e., Lacc ∝ M˙2PBH). It is important to emphasize that this applies only to scenarios
in which  ∝ M˙PBH. Generalizing the accretion rate to scenarios in which the radiative efficiency has an arbitrary
power law dependence (i.e.,  ∝ M˙aPBH) is obtained by expressing the effective velocity as
veff ≡
〈
1(
c2s,∞ + v2rel
)3 (1+a)/2
〉− 1
3 (1+a)
= cs,∞
[(
3
2
) 3
2
U
(
3
2
, 1− 3 a
2
,
3
2
M−2
)
M−3
]− 1
3 (1+a)
(3.6)
with M ≡
√
〈v2L〉
cs,∞
and U(x; y; z) the confluent hypergeometric function of second kind, or Tricomi’s function. Up to
first order, the two limiting cases are:
veff '
cs,∞M1/(1+a)
[
3
√
3
2pi B
(
3 a
2 ,
3
2
)]− 13 (1+a)
, M 1
cs,∞ , M 1 ,
(3.7)
with B(x, y) the beta function. Notice that this expression reproduces the limiting case in which a = 1 found in
Refs. [60, 82].
Therefore, using the effective velocity rather than the speed of sound, the accretion rate can be written as
M˙PBH = 4pi λ ρ∞
(GMPBH)
2
v3eff
. (3.8)
Even if more accurate expressions have been obtained [155], this modified accretion rate provides a reasonable de-
scription of the problem. It is worth noting that the Bondi accretion rate is strictly valid only for spherical accretion.
It was recently argued, however, that accretion onto PBHs with MPBH & M likely results in the formation of an
accretion disk [85]. Note that this statement ran contrary to previous assumptions that PBH accretion was spher-
ical [60, 82–84]. Given that there exists a relatively large amount of uncertainty in the dynamics of disk accretion,
some of which serves to increase and some of which serves to decrease the relative accretion rate [155–157], Eq. (3.8)
can likely be thought of as a reasonable ball-park estimate. Therefore, despite all these caveats regarding the potential
legitimacy of Eqs. (3.6) and (3.8), though, we will follow previous works [82, 85] in adopting the expression of veff for
a = 1.
6Finally, it is important to note that the quantity of interest is not the rate of energy injected into the medium, given
in Eq. (3.1), but rather the rate of energy deposited into the medium. These two quantities are related by functions
known as energy deposition factors, (
dEc
dV dt
)
dep
= fc(z)
(
dE
dV dt
)
inj
≡ nb PBHc , (3.9)
where PBHc represents the energy deposition rate per baryon, and the subscript c denotes the channel in which energy
is deposited — i.e., ionization of hydrogen (HI) or helium (HeI), heating of the medium (heat), or excitations (Lyα).
These energy deposition factors are computed by using the following expression:
fc(z) =
H(z)
∫ d ln(1+z′)
H(z′)
∫
dω Tc(z, z
′, ω)Lacc(z′, ω)∫
dω Lacc(z, ω)
, (3.10)
where the Tc(z, z
′, ω) are the transfer functions taken from Ref. [158]. As is done in Ref. [85], the spectrum of the
luminosity is taken from ADAF models of Ref. [137]; namely, we adopt a simple parameterization given by
L(ω) ∝ Θ(ω − ωmin)ωβ exp(−ω/ωs) , (3.11)
where ωmin ≡ (10M/MPBH)1/2 eV, ωs ∼ O(me) (taken explicitly to be ωs = 200 keV), and β = −1 (with reasonable
values of β ∈ [−1.3,−0.7]). In principle, the exact form of the spectrum changes with the accretion rate. However,
the results found here are largely independent of these details.
Eqs. (3.2) and (3.11) provide the ingredients necessary to compute the energy injected into the IGM from a
population of PBHs as a function of redshift, and Eq. (3.10) describes how and where the energy is deposited. With
this in hand, we now turn to incorporating this energy injection into the equations governing the evolution of the
ionization fraction, the gas temperature, and the Lyman-α flux.
The quantity xe(x, z), governing the evolution of the local ionized fraction of the neutral IGM, is given by
dxe
dz
=
dt
dz
(
Λion − αA C x2e nb fH
)
, (3.12)
where nb = n¯b,0(1 + z)
3(1 + δ¯b(x, z)) is the baryon number density, Λion is the ionization rate, αA is the case-A
recombination coefficient, fH = nH/nb is the hydrogen number fraction and C ≡ 〈n2e〉/〈ne〉2 is the clumping factor
(set to one as default), with ne the electron number density. Ionization from the PBH accretion mechanism would
lead to an additional contribution of the form
ΛPBHion = fH
PBHHI
EHI
+ fHe
PBHHeI
EHeI
, (3.13)
where fH = nH/nb and fHe = nHe/nb are the hydrogen and helium number fractions, and EHI,HeI are the ionization
energies for hydrogen and helium. Here, we neglect the effect of secondary ionizations1. The evolution of the kinetic
temperature of the gas Tk is computed via
dTk
dz
=
2Tk
3nb
dnb
dz
− Tk
1 + xe
dxe
dz
+
2
3 kB (1 + xe)
dt
dz
∑
j
heat,j , (3.14)
where the last term accounts for the heating/cooling processes, with heat,j the heating rate per baryon for the process
j (Compton cooling, X-ray heating and PBH heating).
Finally, there is also a contribution to the Lyman-α flux resulting from collisional excitations due to energy depo-
sition by PBH accretion in the IGM, which can be written as
Jα,PBH =
c nb
4pi
PBHLyα
hνα
1
H(z) να
, (3.15)
where να is the emission frequency of a Lyman-α photon.
1 Since the differential brightness temperature is proportional to the neutral hydrogen fraction, rather than the free electron fraction, the
effect of ionizations from PBH accretion is expected to be significantly subdominant to that of heating. Thus, neglecting secondary
ionizations is a safe assumption.
7FIG. 1. Free electron fraction, xe, as a function of redshift, including the contribution of a monochromatic PBH population
with mass MPBH = 100M, for different PBH dark matter fractions fPBH =
(
10−2, 10−3, 10−4,. 10−4
)
. The standard
scenario with fPBH = 0 is denoted by the solid black line. We use fiducial astrophysical parameters: (ζUV, ζX, Tmin, Nα) =(
50, 2× 1056 M−1 , 5× 104 K, 4000
)
; see Section IV.1.
The aforementioned modifications to the free electron fraction, temperature of the gas, and Lyman-α flux are
incorporated by modifying the publicly available codes cosmorec/Recfast++ [159–161], relevant at high redshifts
when astrophysical mechanisms can be neglected, and 21cmFAST [162], relevant at low redshifts when astrophysical
mechansims, such as ionization and heating from stars and X-ray binaries, are relevant. Figures 1 and 2 show the
redshift evolution of the free electron fraction and the kinetic gas temperature for a population of PBHs with mass
MPBH = 100M and different relative abundances fPBH.2 Notice that the effect of PBHs accretion on the free electron
fraction in Fig. 1 is clearly visible: the presence of the extra heating and ionization terms from PBHs accretion changes
the redshift evolution of xe, increasing this quantity from the early recombination era, below z ∼ 1000, until the late
reionization era. The kinetic gas temperature would also be increased by the presence of the energy injection in the
IGM (see Fig. 2). Similar to the case in which there is energy injection from dark matter annihilations [99, 101], PBH
accretion leads to an earlier and more uniform heating of the IGM, which is larger for an increasing fraction of dark
matter in the form of PBHs, until stellar sources turn on and start to ionize the medium (around z ∼ 15 in Fig. 1).3
These results illustrate that even small abundances of PBHs could have dramatic effects on the properties of the IGM.
Before continuing, we would like to emphasize that the treatment of accretion adopted in this work is rather
conservative. For the redshifts relevant for 21cm cosmology, the conditions necessary for the formation of accretion
disks around PBHs seem likely. Within the context of disk accreting models, ADAF accretion is among the lowest
in the radiative efficiency of X-rays. Adopting a larger radiative luminosity or accretion rate would correspondingly
enhance the observable signatures associated with global heating and ionization of the IGM.
2 This range of values is simply intended to illustrate the dependence of these observables on fPBH. Note that the cases with the largest
abundances are in tension with CMB constraints [85].
3 Note that although the spatial and redshift PBH distribution follows that of matter, it is different from the distribution of X-ray sources,
i.e., star-forming halos beyond a threshold for atomic cooling.
8FIG. 2. Kinetic temperature of the gass, Tk, as a function of redshift, including the contribution of a monochromatic
PBH population with mass MPBH = 100M, for different PBH dark matter fractions fPBH =
(
10−2, 10−3, 10−4,. 10−4
)
.
The standard scenario with fPBH = 0 is denoted by the solid black line. We use fiducial astrophysical parameters:
(ζUV, ζX, Tmin, Nα) =
(
50, 2× 1056 M−1 , 5× 104 K, 4000
)
; see Section IV.1.
III.1.1. Global 21cm line signal
Since the optical depth at the frequencies of interest is small, one can expand the exponential term in Eq. (2.5) and
express the global differential brightness temperature as
δTb(ν) ' 27xH (1 + δb)
(
1− TCMB
TS
)(
1
1 +H−1∂vr/∂r
) (
1 + z
10
)1/2(
0.15
Ωmh2
)1/2(
Ωbh
2
0.023
)
mK , (3.16)
where δb is the baryonic overdensity, H is the Hubble parameter, ∂vr/∂r is the peculiar velocity gradient along the
line of sight, which introduces redshift space distortions, and Ωm and Ωb are the matter and baryon abundances of
the Universe. A number of current and future experiments are devoted to detect the 21cm global signal averaged over
all directions in the sky. Examples are EDGES and the future LEDA (Large Aperture Experiment to Detect the Dark
Ages) [163] and DARE (Moon space observatory Dark Ages Radio Experiment) [164]. The observation of an absorption
profile located at a redshift of z ∼ 17 has been recently claimed by the EDGES experiment, with an amplitude which
is twice the maximum predicted within the context of the ΛCDM model [94]. This has motivated a larger number of
studies in the literature [102–106, 110–112, 115, 117, 118, 128–135, 165–178].
To compute the redshift evolution of the 21cm global signal we use of the publicly available code 21cmFAST [162].
Nevertheless, the code only evolves the IGM for redshifts z . 35. Thus, initial conditions for the mean ionization
fraction xe and for the gas temperature Tk are required inputs. We produce these inputs using a modified version of
cosmorec/Recfast++ [159–161].4 The cumulative effect of a population of 100M PBHs on the global differential
4 Notice that these initial values are different from the ones in the default tables, as the presence of PBHs would change significantly the
recombination process and its outputs.
9FIG. 3. Global 21cm differential brightness temperature for various values of fPBH, assuming MPBH = 100M and different
ranges for the PBH dark matter fraction. The standard scenario with fPBH = 0 is denoted by the solid black lines. We use
fiducial astrophysical parameters: (ζUV, ζX, Tmin, Nα) =
(
50, 2× 1056 M−1 , 5× 104 K, 4000
)
; see Section IV.1.
21cm brightness temperature is shown in Fig. 3 for various PBH abundances. As discussed above, accretion onto
PBHs significant increases both the free electron fraction and the temperature of the IGM (as shown in Figs. 1 and
2). Consequently, the effect of PBHs on the 21cm global differential brightness temperature can be summarized as
a suppression of the absorption trough before X-ray heating dominates the signal. Notice the difference with the
standard scenario, fPBH = 0, depicted by the solid black lines in Fig. 3.
It is also possible to measure the power spectrum of the differential brightness temperature, i.e., to extract the
fluctuations in the all-sky averaged differential brightness temperature. This method could in principle provide
a cleaner foreground removal. Indeed, this is the major goal of experiments such as GMRT (Giant Metrewave Radio
Telescope), LOFAR (LOw Frequency ARray), MWA (Murchison Widefield Array) and PAPER (Precision Array for Probing
the Epoch of Reionization), which has improved the upper limits at z = 8.4 [179]. As previously stated, future high-
redshift 21cm experiments include SKA and HERA.5 The dimensionless 21cm power spectrum is given by
〈δ˜21(k, z)δ˜∗21(k′, z)〉 ≡ (2pi)3δD(k− k′)P21(k, z) , (3.17)
where δD is the Dirac delta function, the brackets indicate average quantities, and δ˜21(k, z) is the Fourier transform
of δ21(x, z) = δT b(x, z)/δTb(z)− 1. In what follows, we shall work with the 21cm differential brightness temperature
power spectrum, ∆221(k, z) = (k
3/2pi2)P21(k, z), and show results for δTb
2
(z)∆221(k, z) in Section IV.1.
5 The 21cm line will also be observed at lower redshifts, predominately in the post-reionization era (z . 3), via the so-called intensity
mapping technique, which will attempt to shed light on the spatial distribution emanating from dense clumps of neutral hydrogen [180–
183]. This is the target of the GBT-HIM project [184], CHIME (Canadian Hydrogen Intensity Mapping Experiment) [185], the Tianlai
project [186] and SKA-mid frequency (see, e.g., Ref. [187]).
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III.2. Local heating and ionization
As mentioned in the previous section, within the ADAF framework only a small fraction of the energy gained via
accretion is radiated into the medium. In this section we attempt to model the contribution to the 21cm line from
the local environment of the PBH, estimating the radial profiles.
III.2.1. Radial profiles
The difficulty in estimating the true contribution to the 21cm signal from the local medium surrounding PBHs
arises from the fact that solving for the radial density, ρ, velocity, v, temperature, T , and ionization profiles, xe, of
the accreting medium is non-trivial, and can only be solved analytically in very specific scenarios and certain regions
of the parameter space (for an analytic solution at small radii within the ADAF framework, see, e.g., Ref. [188]). As
will be shown below, the dominant contribution to the 21cm signal comes from radii near the Bondi radius (the Bondi
radius, to be defined, approximately demarcates where the solutions asymptote to the IGM value). This motivates
studying the simple solution to the problem of static spherically symmetric accretion around a point, in which we
neglect heating from the radiated emission (likely a valid approximation for the ADAF framework since the efficiency
is small) and viscosity (an assumption which certainly brakes down near the BH, but which plays a less significant
role as one approaches the IGM).
In this static spherically symmetric case, the fluid equations for determining the radial profiles are given by
4pir2 ρ |v| = M˙PBH = constant , (3.18)
v
dv
dr
= −1
ρ
dP
dr
− GMPBH
r2
, (3.19)
Λion(1− xe) = αB nH x2e , (3.20)
where αB is the case-B recombination coefficient, P = ρ (1 + xe)T/mp is the pressure, and mp is the mass of the
proton (we neglect the helium contribution in this computation for the sake of simplicity). The first of these equations
arises from integrating the continuity equation, the second one is the Euler equation (accounting for momentum
conservation), and the final one determines the balance between ionization and recombination. As in Section III.1,
we adopt the Bondi-Hoyle accretion rate given in Eq. (3.8). The relevant scales are the Bondi velocity, defined as in
Eq. (3.6), and the Bondi radius
rB =
GMPBH
v2eff
. (3.21)
Note that these definitions differ from those originally defined by Bondi, a consequence of the fact that we have
modified the accretion rate via the substitution cs → veff , as discussed above. For reference, a value of veff ∼ cs and
Tk ∼ Tad ∝ (1 + z)2 lead to a Bondi radius of rB ∼ 3 × 10−5 (MPBH/M)(30/(1 + z))2 kpc. For distances greater
than the Bondi radius, the effects of accretion are negligible, asymptoting to their background values.
As mentioned in Section III.1, the accretion of matter onto the central BH leads to a highly energetic radiation
flux which is capable of ionizing the surrounding medium. In order to solve Eq. (3.20), it is necessary to identify the
flux of ionizing photons as a function of the radial distance to the BH. Here, we assume that most of the radiation
is produced at very small radii (where the surrounding medium can reach temperatures in excess of 109 K), and
thus, one can write the flux in terms of the comoving distance coordinate r from the source by using a point source
approximation:
F (E, r, z) =
Lacc(E, z)
4pir2
e−τion(E,r,z) , (3.22)
where Lacc(E, z) is the accretion luminosity given by combining Eqs. (3.2) and (3.11). The ionization optical depth
τion is given by
τion(E, r, z) =
∫ r
0
nH(z)σ(E)xHI(r, z) , (3.23)
where the ionization cross section σ(E) is taken to be the fitting function obtained in Ref. [189]. For most of the radii
of interest, the optical depth is found to be negligible. The local ionization rate is given by
Λion =
∫ ∞
E0
dE
E
σ(E)F (E, r, z)
[
1 +
E − Eth
Eth
fion(E, xe)
]
, (3.24)
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where Eth is the ground level energy of the hydrogen. We parameterize the energy deposition function fion
6 using
different fitting formulas for E ≤ 0.5 keV [190] and E > 0.5 keV [191].
Since, at the scales of interest, we can safely neglect heating/cooling effects, we get the usual adiabatic relation
between the temperature and the density T ∝ ρ2/3. The set of Eqs. (3.18–3.20) can be easily solved numerically given
the boundary conditions ρ∞ and T∞, which we take as the IGM values, that depend on both MPBH and fPBH, and
are calculated using the formalism presented in the previous section (Section III.1).
Is is important to bear in mind that after obtaining the temperature and density profiles, one must resolve the
radiative transfer equation radially in order to obtain the differential brightness temperature. For these small enough
length scales, the time evolution and expansion of the Universe can be neglected, leading to the following kinetic
equation in terms of the brightness temperature at a frequency ν, Tb,ν :
dTb,ν(r)
dr
= −κν(r) [Tb,ν(r)− TS(r)] , (3.25)
with κν being the absorption coefficient
κν(r) =
hν0
4pi
φν [B01 n0(r)−B10 n1(r)] ' 3c
2A10
32pi ν20
xH(r)nH φν
T0
TS(r)
, (3.26)
where B01, B10, and A10 are the Einstein coefficients between the triplet and singlet states, and φν is the line profile,
given by the Doppler broadening
φν =
1√
pi∆νD
e−(ν−ν0)
2/∆ν2D , (3.27)
with ∆νD = ν0
√
2Tk/mp.
The brightness temperature along a line of sight at a radial distance r from the PBH, Eq. (3.25), can be formally
solved with the boundary condition at r = 0, leading to
Tb,ν(r) = Tb,ν(0) e
−τν(0,r) +
∫ r
0
dr′ κν(r′)TS(r′) e−τν(r
′,r) , (3.28)
with the optical depth τν(r
′, r) defined as
τν(r
′, r) =
∫ r
r′
dr′′ κν(r′′) . (3.29)
At distances near the PBH the medium would be fully ionized, leading to a vanishing κν . Therefore, it is appropriate
to adopt the boundary condition Tb,ν(0) = TCMB. Defining the differential brightness temperature as δTb,ν(r) ≡
(Tb,ν(r)− TCMB)/(1 + z), we get
δTb,ν(r) =
∫ r
0
dr′ κν(r′)
TS(r
′)− TCMB
1 + z
e−τν(r
′,r) . (3.30)
The spin temperature can be calculated using Eq. (2.2), with the collisional coupling coefficient, yk, defined in
Eq. (2.3) and the Lyman-α coefficient, yα, in Eq. (2.4). The Lyman-α flux in yα contains two contributions, Jα(r) =
J locα (r) + J
back
α . The first of these comes from the local emission in the local medium, given by
J locα (r) =
fα(xe) c
4piH να hνα
nH(z, r)xH(r, z)
∫ ∞
E0
dE
(
E − Eth
E
)
σ(E)F (E, r, z) . (3.31)
We parameterize the energy deposition fraction fα(xe) using the fitting formula obtained in Ref. [191], given by
fα = 0.48 (1−x0.27e )1.52. The second component to the Lyman-α flux comes from the background contribution, which
is given the mean average over the IGM, produced by a combination of stellar sources and distant PBHs. This global
flux Jbackα for a given astrophysical model is computed by implementing the formalism of Section III.1 into 21cmFAST,
as discussed in the previous section. Thus, the Lyman-α coupling coefficient can then be determined summing both
components.
6 Note that this is conceptually the same as parameter defined in Eq. (3.10). However, in the case of local ionization, it is appropriate to
apply the on-the-spot approximation, and thus the functional forms and dependencies of these parameters are different.
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FIG. 4. Radial profiles for the local density (top-left panel), kinetic and spin temperatures (top-right panel), and coupling
coefficients (bottom panel) yk (dashed lines) and yα (solid lines), displayed at various redshifts, for a PBH of massMPBH = 1M.
The dashed lines in the upper panels represent the IGM values.
In Fig. 4, we show radial profiles of the density (top-left panel), gas temperature (purple line in the top-right panel),
spin temperature (blue and red lines in the top-right panel), and the collisional (yk, solid lines in the bottom panel) and
Lyman-α (yα, dashed lines in the bottom panel) couplings at various redshifts for MPBH = 1M. As designed, both
the density profiles and the kinetic temperature profiles asymptote to the IGM values, which have been taken from
the customized version of 21cmFAST (see Section IV.1 for more details). The subsequent 21cm temperature profile,
computed using the values in Fig. 4, is depicted in Fig. 5. Note that the contribution must be truncated at large radii
to avoid double counting the IGM contribution — we define this truncation to occur when the temperature profile is
within 1% of its asymptotic value, although the results are insensitive to a reasonable choice of this value. Note that
the suppression of yα (bottom panel in Fig. 4) between z = 20 and z = 10 can be explained by its dependence with
the inverse of the temperature of the gas, yα ∝ T−1k , which has been already heated significantly by this epoch.
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FIG. 5. Radial profile of the absolute value of the 21cm differential brightness temperature, δT b, for a PBH of mass
MPBH = 1M, at redshifts z = 10, 20, and 30. Dashed (solid) lines denote radii at which the signal would be seen in
absorption (emission).
III.2.2. Averaged 21cm line signal
The prescription provided above allows one to compute the 21cm profile for an individual PBH. Nevertheless, the
observable quantity of interest is the contribution to the global 21cm line from all the PBHs in the Universe. Here,
we re-derive the formula that allows one to compute the globally averaged brightness temperature Tb from the radial
21cm profile [138]. The brightness temperature is related to the flux per unit frequency and solid angle dFdνdΩ arising
from a PBH of mass MPBH by
dF
dνdΩ
=
2ν2
c2
Tb,ν . (3.32)
The averaged value of this quantity on a frequency interval dν and a solid angle dΩ can be written as
dF
dνdΩ
dν dΩ = 〈F 〉nPBH dV , (3.33)
where dV is the differential comoving volume, nPBH is the number density of PBHs, and 〈F 〉 is the area-averaged flux
for a single PBH:
〈F 〉 = 1
A
∫
dAF , (3.34)
with A = pir2max, and where rmax is the maximum radius at which the PBH influences the IGM (defined as above
— specifically, this is the radius at which Tk is within 1% of the asymptotic value). Using the fact that |dν/dz| =
ν0/(1 + z)
2, and writing the differential comoving volume as dV = D2dDdΩ, where D is the comoving distance, we
find
dF
dνdΩ
=
c (1 + z)2
ν0H(z)
D2 〈F 〉nPBH , (3.35)
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FIG. 6. Left Panel: Area-averaged differential brightness temperature times ∆νeff/ν0 for one single PBH of mass MPBH = 1M
and MPBH = 10M, and assuming fPBH = 10−2. Right Panel: Cumulative local contributions of a monochromatic population
of PBHs to the globally averaged brightness temperature for mass MPBH = 1M and MPBH = 10M, and dark matter
fractions fPBH = 10
−2 and fPBH = 10−4. In both panels, dashed (solid) lines represent when the 21cm signal would be seen in
absorption (emission), i.e., δTb < 0 (δTb > 0).
where we have used dD/dz = c/H(z). The integrated flux over frequency and solid angle is then given by
F =
∫
dν dΩ
dF
dνdΩ
= ∆Ω ∆νeff
dF
dνdΩ
∣∣∣∣
ν0
, (3.36)
where ∆Ω = A/D2A is the solid angle subtended by the halo around the PBH, with DA = D/(1 + z) the angular
diameter distance, and ∆νeff = ((1 + z)φν(ν0))
−1 =
√
pi∆νD/(1 + z) [138]. One can then revert to the averaged
brightness temperature using
dF
dνdΩ
=
2 ν20
c2
T b . (3.37)
From Eqs. (3.35) and (3.37), we find the globally averaged brightness temperature to be given by
T b =
c (1 + z)4
ν0H(z)
nPBH 〈∆νeff Tb,ν0〉A . (3.38)
For the area-averaged differential brightness temperature δT b, Eq. (3.38) is applied but replacing Tb,ν0 by δTb,ν0
computed from Eq. (3.30). We depict in Fig. 6 the area-averaged 21cm signal for one single PBH as a function of
redshift (left panel), and the globally averaged signal (right panel), for various values of MPBH and fPBH. The dashed
and solid lines in the left panel indicate when the signal would be seen in absorption or emission. Interestingly, and
perhaps counter-intuitively, the global contribution is often negative (i.e., it is seen in absorption). At first glance
this appears strange, as the process of accretion heats and ionizes the medium — thus, one might naively expect to
see this contribution in emission. However, the asymptotic signal is observed in absorption during this epoch and,
while the process of accretion does heat the local medium, the density rises faster than the temperature (recall that
ρ(r) ∝ T (r)3/2). Thus, there exists a range of radii near the Bondi radius for which the kinetic temperature has not
yet been heated above the background temperature, but for which the density has noticeably increased — the net
effect is an amplification of a slightly suppressed absorption dip.
The large drop in the signal for z . 10 in Fig. 6 appears because stellar sources have begun ionizing the medium.
We emphasize that for the masses and dark matter fractions adopted here, the local contribution is never greater
than 0.1 mK. Given that the usual IGM signals for these epochs range between 1 and 100 mK (see section IV.1), the
local contribution from PBHs is negligible for the models of interest.
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III.2.3. Comment on the local contribution
Before continuing, a discussion on the treatment and impact of the local contribution is in order. We begin by
addressing a number of concerns regarding the formalism adopted in the section above.
It should be emphasized that the spherically symmetric treatment of accretion adopted here neglects a number
of potentially important features. First, our formalism only accounts for the adiabatic evolution of the medium,
leading to the relation T ∝ ρ2/3. Thus, we have neglected the local heating of the gas by the highly energetic
radiation generated during accretion. This heating term is proportional to the luminosity, and therefore, to the
radiative efficiency and the PBH mass. However, the effect of such a heating would be the enhancement of the local
temperature, which would suppress the absorption signal that arises near the Bondi radius, subsequently reducing the
global contribution to the 21cm signal. Thus, from this point of view, neglecting the heating term is a conservative
assumption. We have also chosen to neglect viscosity in our treatment, despite the fact that viscosity is known to
play an important role in ADAF accretion [141, 145]. We believe that this choice is justified as the derived signal
seems to be dominated by the behavior at larger radius, where the effects of viscosity are reduced. Nevertheless, a
more rigorous numerical treatment would be required to verify this statement.
Another concern about the adopted formalism is the assumption of the static solution of an isolated PBH in a
uniform background. In reality, this is almost certainly not the case. The matter accreted onto the PBH must come
from the IGM. We have implicitly assumed, however, that the asymptotic condition of the IGM remains unaltered
by the presence of the PBH. Conceptually, one would expect that an underdensity at r & rB is necessary in order
to counteract the overdensity observed for r . rB. Neglecting momentarily the effects of heating and ionization,
the contribution of the underdensity should identically cancel that of the overdensity. The fact that the signal is
predominately seen in absorption indicates that it is dominated by the state of the IGM near the Bondi radius, where
not properly accounting for these changes in density could be important. Thus, it is entirely possible that the observed
absorption feature is actually artificial, and arises from the fact that we have not correctly accounted for the influence
of the PBH on the IGM. Nevertheless, this implies that our formalism is likely to significantly overestimate the true
contribution of local accretion, again suggesting the estimate is conservative.
Before continuing, it is important to address why the results found here differ by orders of magnitude from previous
PBH calculations [121, 122]. We think there are multiple reasons for this discrepancy,7 which we outline below.
First, note that the assumed PBH luminosity in Ref. [122] is near the Eddington limit (specifically they adopt a
luminosity of L = 0.1LEdd). Such a large luminosity is not consistent with ADAF accretion, but rather solutions
in which one forms a thin disk that radiates extremely efficiently ( ∼ 1). In the event that only the radiative
efficiency is modified, local heating would be reduced, and global heating enhanced. However, there also exists
a significant difference in the normalization of the luminosity, as the dimensionless accretion rate adopted in our
framework is roughly L/LEdd ∼ 10−10. The difference in adopted luminosity changes the relative importance of
heating, implying that within our formalism one cannot neglect the derivative terms in the accretion equations,
whereas for large luminosities these terms may be subdominant to local heating. Next, it is slightly concerning that
Ref. [122] seeks a static solution to the local profile on scales comparable to and higher than the Hubble length (note
that rH = c/H(z) ' 4.6× 104 [30/(1 + z)]3/2 kpc). Hence, the expansion of the Universe can no longer be neglected,
and thus the static framework is applied out of the range of validity. This does not appear to be a problem with the
ADAF framework, as the smaller luminosities imply smaller scales of interest.
Finally, it is important to note that one should not directly apply Eq. (3.16) to obtain the brightness temperature
profile around the PBH. The Eq. (3.16) is only valid when considering large scales; namely it is valid when one can
neglect the radial dependence of both the spin temperature and the optical depth, and when the optical depth is
exclusively given by the optical depth of the IGM. Here, neither of these statements are true, and thus one must
solve the radiative transfer equation as a function of the radial coordinate using Eq. (3.30) (as was done in previous
works, see, e.g., Refs. [119, 138]). This profoundly impacts the strength of the signal. In Fig. 7 we illustrate, using
the formalism of the previous section, that incorrectly applying Eq. (3.16) leads to an enhancement of the signal by
roughly ∼ 2 orders of magnitude.
Therefore, we conclude that it is unlikely that the local contribution from PBHs could significantly add to the 21cm
signal. Nevertheless, it is likely the case that complex high-resolution simulations will need to be performed for this
contribution to be truly understood.
7 In addition to the differences in formalism, discussed below, the de-excitation rates (taken from Ref. [127]) appear to be incorrectly
transcribed in Ref. [122]. Most notably, the logarithms in the e-H de-excitation rate should be base 10, rather than natural logs. We have
verified, using the formalism of Ref. [122], that this mistake does indeed enter the calculations. Implementing the correct de-excitation
rate into the same formalism completely removes the absorption dip responsible for the majority of the signal (see Fig. 6 of Ref. [122]),
and thus significantly alters the contribution of minihalos to the global 21cm signal. The check we have performed agrees with the result
of Ref. [121], which appears to have a formalism nearly identical to that of Ref. [122], but without the artificial absorption dip.
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FIG. 7. Contribution to differential brightness temperature, δT b, from local heating induced by accretion onto a population of
PBHs with MPBH = 10M, assuming fPBH = 10−2, computed by resolving the radiative transfer equation locally, Eq. (3.30),
(purple line) and by incorrectly applying Eq. (3.16) (blue line).
III.3. Shot noise
Since PBHs are point sources, they contribute to the power spectrum as Poisson white noise (i.e., they contribute in
a scale-independent manner) [92]. The associated perturbations are isocurvature modes and thus, their contribution
only affects scales smaller than those corresponding to the matter-radiation equality era, k > keq ≡ aeqHeq, being
negligible at larger scales. Approximating the isocurvature transfer function as Tiso = 3/2 (1 + zeq) for k > keq and 0
otherwise, where zeq is the redshift of matter-radiation equality [192], this term can be written as [92]
∆P = T 2iso
f2PBH
nPBH
D2(z) =
9 (1 + zeq)
2fPBHMPBH
4 ΩDM ρc
D2(z) ' 2.5×10−2fPBH
(
MPBH
30M
)
D2(z) Mpc3 , k > keq , (3.39)
where ΩDM is the fraction of dark matter energy density over the critical density ρc and D(z) is the linear growth
factor of density perturbations. The inclusion of this contribution modifies the halo mass function on small scales.
For the masses studied here (namely M .MPBH . 103M), however, the effects are only important for halos which
are not large enough to cool and collapse to form stars (such halos are known as ‘minihalos’). Since star-forming
halos are expected to produce the dominant 21cm signal in the epochs of interest, one is naively driven to conclude
that the Poisson noise in the power spectrum is not relevant and can be neglected (even though, we have included it
in the calculation of the global signal). It was recently argued [119, 120], however, that the enhanced number density
of minihalos arising from the shot noise induced by ∼ O(M) PBHs could sufficiently elevate the contribution of
minihalos to a discernible level. We briefly outline the formalism for estimating the minihalo contribution below, and
show that the computation of Ref. [119] failed to self-consistently account for the heating of the IGM induced by PBH
accretion. Correctly accounting for this effect tends to suppress the minihalo contribution to the point where it can
be neglected.
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III.3.1. Brightness temperature inside minihalos
A dark matter halo at redshift z can be characterized by one parameter, the overdensity ∆c(z) relative to the
critical density ρc(z), so that its mass Mh and virial radius Rvir are related by
Mh =
4pi
3
∆c(z) ρc(z)R
3
vir . (3.40)
Here, we use the virial overdensity based on spherical collapse [193]
∆c(z) = 18pi
2 + 82 (Ωm,z − 1)− 39 (Ωm,z − 1)2 , (3.41)
where
Ωm,z =
Ωm (1 + z)
3
Ωm (1 + z)3 + ΩΛ
. (3.42)
In the calculation below, we assume the neutral hydrogen fraction, xH, to be given by the IGM value, and the kinetic
temperature in the halo by Tk = Tvir, where the virial temperature of a truncated isothermal halo is [194]
Tvir(Mh, z) ' 4.8× 104 K
( µ
1.22
)( Mh
108M h−1
)2/3(
Ωm
Ωm,z
∆c(z)
18pi2
)1/3(
1 + z
10
)
, (3.43)
being µ = 1.22 the mean molecular weight of neutral IGM. The average number density of neutral hydrogen of the
halo is
n¯H(Mh, z) =
fH
mp
(
Ωb
Ωm
) (
3Mh
4pi R3vir
)
= fH
(
Ωb
Ωm
) (
ρc(z) ∆c(z)
mp
)
, (3.44)
where ρb the baryon energy density. For the sake of consistency with the constant temperature assumption, we
consider that neutral hydrogen in halos follows a truncated (singular) isothermal distribution, normalized to provide
the mean value given in Eq. (3.44),
nH(Mh, z, r) =
1
3
n¯H(Mh, z)
(
Rvir
r
)2
. (3.45)
We have also verified that reasonable modifications to this assumption (e.g., taking an NFW profile [195] or a truncated
non-singular isothermal profile [194]) give rise to only small changes on the cumulative minihalo signal.
Since the flux of Lyman-α photons predominantly arises from star formation, the spin temperature inside minihalos,
whose virial temperatures are below threshold for atomic hydrogen cooling, is dictated exclusively by the collisional
coupling, yk, given by Eq. (2.3). The brightness temperature for photons with frequency ν through a minihalo of
given mass and redshift is obtained by solving the radiative transfer equation. Here, however, one has to be careful
so as to not double count factors contained in the IGM contribution. To clarify, consider decomposing the IGM and
minihalo contribution to the spin temperature such that
τ = τIGM + τmh , (3.46)
TS = TS,IGM + TS,mh , (3.47)
where τIGM and τmh are the optical depth of the IGM and the minihalo, respectively, and we define
τmh, TS,mh 6= 0 for |r| ≤ Rvir , (3.48)
τIGM, TS,IGM 6= 0 for |r| > Rvir , (3.49)
where r is the radial distance from the center of a minihalo with maximum radius Rvir. The general solution to the
radiative transfer equation (neglecting scattering) is given by
Tb = TCMB e
−τ +
∫
dτ TS(τ) e
−τ . (3.50)
Using Eqs. (3.46–3.49), one finds
Tb = TCMB e
−(τIGM+τmh) +
∫
ds
dτIGM
ds
TS,IGM e
−(τIGM+τmh) +
∫
ds
dτmh
ds
TS,mh e
−(τIGM+τmh) , (3.51)
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where s is the line-of-sight. In order to avoid double counting, one must subtract off the contribution of the IGM,
given by
Tb,IGM = TCMB e
−τIGM +
∫
ds
dτIGM
ds
TS,IGM e
−τIGM , (3.52)
implying the solution for the minihalo brightness temperature is given by
Tb,mh(ν) = TCMB e
−τIGM (e−τmh(ν,∞) − 1) +
∫ ∞
−∞
ds TS(`) e
−(τIGM+τmh(ν,s)) dτmh(ν, s)
ds
, (3.53)
where we have added some explicit dependences. The optical depth of the minihalo, τmh(ν, s), is given by
τmh(ν, s) =
3A10 T0
32pi ν20
∫ s
−∞
ds′
nH(`)φ(ν, `)
TS(`)
, (3.54)
and s and ` are radial comoving distances, s being the component along the line-of-sight and ` connecting s to the
center of the minihalo, `2 = s2 + b2R2vir [196], with b the impact parameter. One might be inclined to obtain the
differential brightness temperature by subtracting TCMB from Eq. (3.53), however note that it is given by
δTb =
Tb − TCMB
1 + z
=
Tb,IGM + Tb,mh − TCMB
1 + z
=
δTb,IGM + Tb,mh
1 + z
, (3.55)
and thus the proper contribution to the total differential brightness temperature is simply given by Eq. (3.53).
Obtaining the global contribution from all minihalos can be done in a similar manner to what was shown in
Section III.2. Specifically, one can use Eq. (3.38), but with the generalization that nPBH →
∫
dMh dn/dMh, i.e.,
δT b =
c (1 + z)4
ν0H(z)
∫ Mmax
Mmin
dMh
dn
dMh
〈∆νeff δTb,ν0〉A , (3.56)
where, in analogy to the area-averaged signal in Section III.2, the brackets represent the average over the minihalo
cross section (c.f., Eq. (3.34)), A = piR2vir. The integration of Eq. (3.56) is bounded from above by the mass threshold
for star formation, which we take as the one corresponding to a virial temperature, Eq. (3.43), of Tmin = 10
4 K. The
lower limit of the integral is chosen as the maximum between the PBH mass and the Jeans mass MJ (although for
all cases of interest here, MPBH < MJ), which is given by the mass enclosed in a region with diameter of the Jeans
length, λJ =
√
(5pi Tk)/(3G ρ¯µmp),
MJ(z) =
4pi
3
ρ¯
(
λJ
2
)3
' 2.2× 109M
(
Tk
104 K
)3/2 (
1.22
µ
)3/2 (
10
1 + z
)3/2
, (3.57)
where ρ¯ is the mean matter density prior to collapse. Here, we calculate Tk using the formalism presented in Sec-
tion III.1.
The number density of halos per unit mass is given by the halo mass function,
dn
dMh
=
ρm
Mh
d lnσ−1
dMh
f(σ) , (3.58)
where f(σ) represents the fraction of mass that has collapsed to form halos per unit interval in lnσ−1, with σ the
root-mean-square of the matter density fluctuation smoothed with a real-space top hat filter over the virial radius,
σ2(Mh, z) =
D2(z)
D2(0)
∫ ∞
0
dk
k
k3 P (k)
2pi2
|W (k;Mh)|2 , (3.59)
where D(z) is the growth factor of linear perturbations, P (k) is the linear matter power spectrum (here, modified by
including the shot noise term from the PBH population, Eq. (3.39)), and W (k;Mh) is the Fourier transform of the
real-space top hat filter. Here we use the Sheth-Tormen halo mass function [197, 198],
f(σ) = A
√
2 a
pi
[
1 +
(
σ2
a δ2c
)p]
δc
σ
e−
aδ2c
2σ2 , (3.60)
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FIG. 8. Halo mass function for several PBH cases at z = 20. Dotted and dashed vertical lines represent the Jeans mass,
assuming a ΛCDM cosmology (i.e., not additional heating from PBH accretion), and the minimum halo mass for star formation,
respectively, which limit the range of integration in Eq. (3.56).
with fit coefficients A = 0.3222, a = 0.707, and p = 0.3, and the critical collapse density δc = 1.686. The halo
mass function at z = 20 for several PBH cases is depicted in Fig. 8. Note that, since the additional shot noise
contribution from PBH to the matter power spectrum depends on the combination fPBHMPBH (see Eq. (3.39)), so
does the modification of the halo mass function with respect to the standard ΛCDM case.
Using Eqs. (3.53), (3.56), and (3.58), one can calculate the globally averaged 21cm signal from the cumulative
population of minihalos. In Fig. 9, we depict the contribution of minihalos assuming a monochromatic population of
PBHs with mass of either 10 M or 103 M and a dark matter fraction of fPBH = 10−2 or fPBH = 10−4. Notice that
the redshift dependence of the minihalo contribution can be rather non-trivial, as the Tk dependence of the Jeans
mass is modified by the accretion model, and the mass derivative of the halo mass function can be either enhanced or
suppressed relative to ΛCDM at this mass scale. We can see that the enhancement on the formation of structures due
to the Poisson noise would produce a larger signal in the case MPBH = 10 M and fPBH = 10−2. However, contrary
to previous claims [119, 120], the other cases shown in Fig. 9 are not enhanced but suppressed. For small PBH masses
and low values of fPBH, the minihalo contribution saturates to the standard ΛCDM prediction; that is to say, the
number density of minihalos is negligibly modified, and the result is equivalent to that of ΛCDM. Meanwhile, the
signal is suppressed for models with larger values of MPBH× fPBH, where the enhancement of the halo mass function
is significant. The reason for the discrepancy between the result presented here and that found in Refs. [119, 120] lies
on the treatment of the Jeans mass. In those previous works, only adiabatic cooling was considered for the evolution
of the IGM temperature, while here the heating by standard X-ray sources and by accretion onto the population of
PBHs (see Section III.1) has also been included. This implies a larger Jeans mass and thus, a reduction of the relevant
mass range of integration in Eq. (3.56). For instance, for the models depicted in Fig. 2, X-ray radiation would heat
up the temperature around an order of magnitude with respect to the adiabatic cooling case at z ∼ 10, increasing
therefore the Jeans mass by a factor of 103/2 ∼ 30.
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FIG. 9. Collective contribution of minihalos to the globally averaged 21cm differential brightness temperature, δT b, for
various PBH masses and dark matter fractions, and compared with the minihalo contribution in ΛCDM (black dashed line),
as a function of redshift.
IV. METHODOLOGY
IV.1. Numerical simulations
As already mentioned above, in order to compute the redshift evolution of both the 21cm global signal and power
spectrum we make use of the publicly available package 21cmFASTv1.2 [162]. This code produces realizations of the
evolved density, ionization, peculiar velocity and spin temperature fields from semi-analytic calculations. It depends
on a number of parameters describing the different processes taking place at the reionization period. We use here
a minimal set of four parameters: the ultraviolet (UV) ionization efficiency, ξUV, the number of X-ray photons per
solar mass, ξX, the minimum virial temperature of halos hosting galaxies, Tmin, and the number of photons per
stellar baryon between Lyman-α and the Lyman limit, Nα.
8 The phenomenological parameter ξUV is assumed to be
proportional to: (i) the fraction of ionizing photons escaping their host galaxies, (ii) the number of ionizing photons
per stellar baryons inside stars, and (iii) the fraction of baryons that form stars. The efficiency for ionization, heating,
and Lyman-α production by X-ray sources depends on the total X-ray emission rate, which is proportional to the
star formation rate and to the number of X-ray photons per solar mass in stars, ξX.
9 The temperature Tmin is the
minimum of the virial temperature of a halo, below which gas cannot cool efficiently, and thus star formation is
suppressed.10 In the following, we present various examples of the 21cm signal using a fiducial ΛCDM model defined
by (ξUV, ξX, Tmin, Nα) = (50, 2× 1056M, 5× 104K, 4000).
8 The default value of Nα in 21cmFAST is obtained by assuming Pop II stars [199] and normalizing their emissivity to ∼ 4400 ionizing
photons per stellar baryon.
9 A value of ξX = 10
56M−1 implies NX ' 0.1 X-ray photons per stellar baryon.
10 Note that the definition of the virial temperature here is taken to be as defined in Ref. [200], which differs from Eq. (3.43) by a factor
of 2.44. This difference arises from the fact that in Eq. (3.43) we consider µ = 1.22 and that the virial temperature depends upon
the adopted halo profile, although these changes do not significantly impact any of the results of this section. The default value in
the 21cmFAST code is Tmin = 10
4 K, which has been identified in the literature with the atomic cooling threshold [201–205], and using
Ref. [200], it corresponds to a minimum halo mass of Mmin ' 8× 107 M at a redshift z = 10.
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FIG. 10. 21cm power spectrum as a function of redshift z, for two values of the scale: k = 0.15 Mpc−1 (left panel) and
k = 0.4 Mpc−1 (right panel). We consider a monochromatic PBH mass distribution with MPBH = 100M and the fiducial
astrophysical parameters. We illustrate primordial black hole fractions of fPBH = 10
−2, 10−3 and 10−4. Errors for the future
HERA and SKA radio interferometers for the standard scenario (with fPBH = 0, denoted by the solid black lines) are also
depicted. See text for details.
FIG. 11. 21cm power spectrum as a function of the scale, for two fixed redshifts: z = 12.2 (left panel) and z = 17.5 (right
panel). The parameters are the same as in Fig. 10. The red areas denote the scales where foregrounds dominate over the signal.
In Fig. 3 we showed the global differential 21cm brightness temperature for a population of 100M PBHs, for a
range of abundances, as a function of redshift. In Fig. 10 we depict the 21cm power spectrum as a function of redshift
at scales k = 0.15 Mpc−1 (left panel) and k = 0.4 Mpc−1 (right panel), which are expected to be reasonably free
from foregrounds [206]. Notice that the 21cm power spectrum in the standard scenario (solid black curves) exhibits
three characteristic peaks, associated to the the epochs of reionization, heating from X-ray sources and Lyman-α
pumping [162, 207, 208], from lower to higher redshifts. The presence of PBHs is translated into a suppression of the
X-ray heating peak in the power spectrum, which is obviously more pronounced as one increases fPBH. Additionally,
the Lyman-α pumping peak could even disappear for fPBH & 10−2. In Fig. 11 we show the 21cm power spectrum as
a function of the scale for two fixed redshifts: z = 12.2 (left panel) and z = 17.5 (right panel). The red areas indicate
the scales where the signal is expected to be contaminated by foregrounds. The effect of PBHs arises primarily from
an increase in the flux of X-rays, which can induce both scale-dependent and redshift-dependent features in the power
spectrum.
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Minimum value Maximum value Prior type
fPBH 10
−8 1 Log
ζUV 10 100 Log
ζX 2× 1055 M−1 2× 1057 M−1 Log
Tmin 10
4 K 105 K Log
Nα 4× 102 4× 104 Log
TABLE II. Model parameters and priors adopted in the sensitivity analysis.
In Figs. 10 and 11 we also include the forecasted errors associated to future HERA and SKA measurements of the
21cm power spectrum. These errors have been estimated by means of the publicly available code 21cmSense11 [209,
210] (see also Ref. [211]). The total noise is given by
δ∆2T+S(k, z) =
∑
i
1(
∆2N,i + ∆
2
21
)2

−1/2
, (4.1)
with two contributions, one from thermal noise (N) plus a second one, a sample variance error (S), ∆
2
21 ≡ δTb
2
∆221.
The thermal noise depends on the solid angle, the integrated observation time and the temperature of the system.
We focus here on the future HERA [95] and SKA-low frequency [96] experiments. We consider both the intermediate
and final HERA configurations, with 127 and 331 antennas, which we refer to henceforth as Hera 127 and Hera 331.
For SKA-low frequency, we follow the design presented in the SKA System Baseline Design Document [96]. Finally,
we assume an exposure of 1080 hours and a bandwidth of 8 MHz, as these are the default values for these parameters
in 21cmSense.
One of the fundamental difficulties associated with full statistical 21cm analyses arises from the fact that consis-
tent and accurate theoretical predictions for the 21cm signal require time consuming semi-analytical (or even fully
hydrodynamical) simulations. Restricting our attention momentarily to a single PBH mass, obtaining a coherent
interpolation over a five dimensional parameter space (defined by fPBH, ζUV, ζX, Tmin, and Nα) requires enormous
amounts of computing time. Recently, various groups have developed techniques which rely on simplified calculations
(at the expense of numerical accuracy), principle component decompositions, and machine learning algorithms, to
reduce the computational expense involved in obtaining a comprehensive 21cm parameter scan (see, e.g., Refs. [212–
217]).
In this work, we circumvent this numerical issue by exploiting a class of feed-forward neural networks known as
multilayer perceptrons (MLPs). Specifically, for a fixed PBH mass, we compute the full 21cm power spectrum for
∼ 600 choices of astrophysical parameters (constrained to the range defined in Tab. II), and construct MLPs with
two hidden layers, each containing ∼ 50 hidden nodes, to emulate the output of 21cmFAST for arbitrary choices of
parameters. The MLP is trained on ∼ 70% of the computed power spectra while the remaining 30% are simultaneously
used to ensure the neural network is not over-learning. We find that this procedure reproduces the computed datasets
(both the trained dataset and test dataset), as well as various power spectra computed with randomly generated
points in parameter space after the training of the neural network. We choose to assess the relative accuracy of the
neural net by defining an accuracy statistic, which later serves as the quantity directly entering our likelihood, as
αerr ≡
∣∣∣∣∣∣ ∆¯
2
21(k, z)−∆221,NN (k, z)√
δ∆2T+S
2
(k, z) + (0.4× ∆¯221(k, z))2
∣∣∣∣∣∣ , (4.2)
where ∆¯221(k, z) is the power spectrum computed by 21cmFAST, and ∆
2
21,NN (k, z) is the power spectrum as computed
by the neural net. Following Ref. [218], we have chosen to add in quadrature an additional modeling error (here we
conservatively adopt a 40% error, although we note that this factor is somewhat adhoc) that is intended to capture the
approximate level of disagreement between 21cmFAST calculations and full hydrodynamic simulations. Using Eq. (4.2),
one finds that the mean error of the neural net is . 1%.
11 https://github.com/jpober/21cmSense
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FIG. 12. Estimated 2σ sensitivity of SKA (green line) and HERA with 331 antennas (red line) for a monochromatic distribution
of PBHs in the mass range M ≤ MPBH ≤ 103M. Results are compared to various limits derived from microlensing
surveys [219–221] (blue line) and the CMB [82, 83, 85] (purple and black lines).
IV.2. Statistics
We adopt a multivariate Gaussian likelihood with a diagonal covariance matrix, the elements of which are set using
Eq. (4.2), and further assume that measurements are obtained in six log-spaced bins in k−space from k = 0.15 Mpc−1
to k = 1 Mpc−1 and 9 log-spaced measurements in redshift from z ∼ 8.3 to z ∼ 19.5. While it is likely that experiments
such as SKA will be capable of achieving far better resolution in both k− and z−space, adopting a finer grid without
properly accounting for correlated errors risks the possibility of significantly overestimating the sensitivity of these
experiments.
We adopt the four-parameter astrophysical model discussed in Section IV.1 (implying a total of 5 model parameters
for each fixed value of MPBH), where the priors on each parameter are as given in Tab. II. For each fixed value of
MPBH, we perform a Markov chain Monte Carlo (MCMC) assuming the true measurement is given by a fiducial
astrophysical model with fPBH = 0.
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FIG. 13. Parameter sensitivity for SKA MCMC, assuming a monochromatic PBH mass distribution with MPBH = 10
3 M,
depicted with 1σ and 2σ contours. The numbers above each panel denote the maximum of the posterior and the upper/lower
1σ confidence interval on these values.
V. RESULTS AND CONCLUSIONS
The 2σ upper limits as derived from the MCMC analysis described in Section IV.2 are shown in Fig. 12 for
HERA (red line), assuming 331 antennas, and SKA (green line). Also shown in Fig. 12 are current constraints from
microlensing surveys [219–221] (blue line), and the CMB [82, 83, 85] (purple and black lines), where the purple
contour denotes the bound derived assuming an identical accretion model to the one adopted here. As discussed
in the introduction, there exist additional constraints in this region, however these are not shown for clarity. The
MCMC analysis was only performed for PBH masses in the range (1 − 103) M, however this is a consequence of
the computational difficulty associated with 21cm analyses. In principle, these experiments will be sensitive to both
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smaller and larger masses, and the relative importance of the shot noise, minihalos, and the modification to the IGM,
in general, varies with mass.
The results shown in Fig. 12 suggest that near-future 21cm experiments will be able to increase the sensitivity to
O(M) PBHs relative to that of the CMB by more than one order of magnitude. Moreover, 21cm surveys provide a
highly complementary probe that is sensitive to the dynamics of accretion at much lower redshifts. Thus, should a
positive detection be made with both probes, one may be able to shed light on the dynamics and evolution of accretion
in these systems. For completeness, we also show in Fig. 13 the result of the MCMC performed for MPBH = 10
3M
using the SKA telescope array. Fig. 13 illustrates that many of the astrophysical parameters adopted in this analysis
could be well constrained by these experiments.
In this work we have focused on understanding the sensitivity that near-future radio interferometers may have to a
population of & O(M) PBHs using the 21cm power spectrum. In particular, we have jointly analyzed three effects:
namely, heating and ionization arising from accretion on both local and global scales, and the signal arising from
minihalos (whose number density is enhanced with respect to that of ΛCDM, a consequence of having non-negligible
Poissonian noise in the distribution of PBHs). Contrary to previous claims in the literature [121, 122], we find that
the local effect of accretion is negligible for all redshifts, masses, and PBH fractions discussed in this work. Moreover,
for the PBH masses studied here, the addition of shot noise to the power spectrum modifies the halo mass function
below the mass threshold for efficient star formation. Consequently, this term would only be relevant if minihalos gave
sizable contributions, or if one considers extremely heavy PBHs (however it is worth noting that there unavoidably
exists uncertainty in the high redshift halo mass function within ΛCDM which could produce degenerate effects to
minihalos). While previous work has claimed that the enhanced number density of minihalos, produced by viable
populations of PBHs, could give rise to an observable signal [119, 120], we show here that these calculations had not
self-consistently accounted for the global heating of the IGM, which significantly raises the Jeans mass and tends to
suppress the minihalo contribution. Thus, the dominant effect on the 21cm power spectrum arises exclusively from the
modifications to the heating and ionization of the IGM. We find experiments like HERA and SKA could significantly
improve upon existing limits from the CMB, should observations be inconsistent with a fPBH = 0 cosmology (i.e., no
PBHs).
Finally, we emphasize that 21cm observations will have access to much more information than just the two-point
correlation function. Should foregrounds be removed to a sufficiently high degree, these experiments may be able
to exploit higher dimensional n-point correlation functions, or perhaps one could exploit the power of convolutional
neural nets to shed light of the highly non-Gaussian behavior of neutral hydrogen during these epochs.
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